A knowledge of normal and abnormal temporal lobe memory function is of both practical and theoretical significance. It is needed in order to predict the effect oftemporal lobe resection for intractable epilepsy on cognitive functioning. Such resections, in conjunction with other data, reveal aspects ofthe organization of memory function within the temporal lobe structures. To understand these complex relationships we must be able to look at the mechanisms ofmemory as shown by testing normal subjects, and also the anatomy of memory as revealed by animal experiments and the uncontrolled effects of human disease. It is also important to consider the consequences of structural damage, and also long-lasting functional changes, for the organization of cognitive function in the developing brain.
A knowledge of normal and abnormal temporal lobe memory function is of both practical and theoretical significance. It is needed in order to predict the effect oftemporal lobe resection for intractable epilepsy on cognitive functioning. Such resections, in conjunction with other data, reveal aspects ofthe organization of memory function within the temporal lobe structures. To understand these complex relationships we must be able to look at the mechanisms ofmemory as shown by testing normal subjects, and also the anatomy of memory as revealed by animal experiments and the uncontrolled effects of human disease. It is also important to consider the consequences of structural damage, and also long-lasting functional changes, for the organization of cognitive function in the developing brain.
There are a number of different ways in which information stored in memory can be studied and subdivided, and numerous studies have provided data on various aspects of these processes.
Examination of the temporal aspects of memory function revealed by the relationship between the event and the point ofrecall has led to a differentiation between retrograde and anterograde memory, and between long-term and working memory. Interference with retrograde memory in humans is usually associated with bilateral damage over an extensive area both within and outside the temporal lobe.
Squire and Zola-Morgan' described a patient with no retrograde amnesia, whose autopsy showed bilateral damage restricted to the CAl field ofthe hippocampus. However, another patient damaged by encephalitis showed extensive retrograde amnesia and had radiographic evidence of extensive bilateral damage to the orbital frontal cortex and the antero-lateral part of the temporal lobe. Studies of patients who have undergone bilateral removal of the medial temporal lobe structures for seizure relief2 have demonstrated dissociation between different types of memory storage, since patients such as HM show severe anterograde amnesia for the long-term recall of information, but not for short-term recall. The precise mechanism oftransfer ofinformation from temporary stores to long-term memory is not known. It is also possible to make distinctions in memory in terms of the type of information which is acquired. Thus procedural memory may be defined as the modification of behaviour which takes place when a skill or operation is mastered, ie 'knowing how', whereas declarative memory includes the ability to recount how and when a procedure was learned, ie 'knowing that'3. After bilateral removal of the medial temporal structures, Milner's patient HM showed evidence of procedural learning through improvement on repetitive motoric tasks such as stylus maze drawing or bimanual tracking, but appeared to have completely lost his declarative memory. A large number of studies have established an association between unilateral temporal lobe damage and deficits in declarative memoryO. Studies of temporal lobectomy patients have generally focused on declarative rather than procedural memory.
Classical conditioning is a form of learning which does not appear to depend upon declarative memory.
Weiskrantz and Warrington8 showed this to be unimpaired in two severely amnesic patients. Although these patients could not describe the relationship between the conditioned stimulus and the unconditioned stimulus, they developed adequate conditioned responses. In an ongoing study we have found that patients who have undergone unilateral temporal lobectomy showed normal acquisition of classically conditioned eyeblink responses. However, temporal lobectomy patients are impaired relative to normal controls in acquiring a conditional discrimination, since they tend not to appreciate the association between the colour of a light and subsequent reinforcement of the stimulus7.
Animal experiments by Murray and Mishkin8 have demonstrated that bilateral removal of the amygdala interferes with cross-modal association in an object memory task requiring the matching of visual and tactile memories. Mishkin and his collaborators have also shown that the amygdala and hippocampus can substitute for one another in mediating recognition memory. In their animal studies the degree of recognition memory failure increases with the size ofthe ablation, and is greatest when both structures are ablated bilaterally9. In a recent review of both human and animal studies Weiskrantz presents the evidence for several independent systems within the frontal and hippocampal structures which process different aspects of memory function, and which produce diverse deficits when lesioned'0.
There are two important considerations in interpreting the results of surgical interventions with the temporal lobe, which in recent times have been almost invariably unilateral. Firstly, the removal of the various anatomical structures is seldom complete, and prior to the introduction of modern brain imaging it was rarely determined accurately. Secondly, the disease process in the operated temporal lobe may have already reduced the contribution of these structures to memory function prior to surgery.
In the temporal lobes of patients subjected to surgery there are a variety of pathological lesions, some of which will have been present since early life, and therefore may have modified cerebral organization. In a classic paper published in 1977, Rasmussen and Milner investigated the effects of early left brain injury in determining the lateralization of speech function11. They iound that injury to the left hemisphere after the age of five years seldom changed the lateralization of speech function at maturity. In a detailed study oflanguage functioning in a small group of epileptic patients who underwent hemispherectomy using the same technique, level of ability was found to depend upon the age of the cerebral insult and the side of lesion. If the initial insult was in early childhood, side of lesion was less relevant in determining the extent and nature of language deficits than in cases where the injury was sustained in middle or late childhood12. In a recent analysis of 10 hemispherectomy patients, Beardsworth and Adamsl3 noted that intellectual functioning was not affected adversely by this operation, although they gave few details of effects on memory or other cognitive functions.
It has been known since the early work of Milner4'5 that left (dominant) hemisphere temporal lobectomy may be followed by a verbal memory deficit, and right lobectomy by a non-verbal memory deficit. Milner described the long-term neuropsychological outcome in 649 cases of anterior temporal lobectomy14. She reported that delayed recall of prose passages and word associations deteriorated across operation for patients who had undergone left-sided operations, and that they were impaired relative to left or right frontal or right temporal lobectomy groups. By contrast, patients who underwent right temporal lobectomy showed defective delayed recall of a complex visuospatial figure relative to left temporal lobectomy patients. With respect to intellectual functioning, this typically showed a slight decline in the early postoperative period, but a significant improvement at long-term follow-up. In patients with early leftsided injury, resulting in language mediation by the right hemisphere, surgery was rarely found to cause even a temporary drop in IQ. She noted that some verbal processes tended to become established at the expense of nonverbal processes in cases of early unilateral injury.
A later study of the short-term cognitive changes in 59 adult patients who underwent temporal lobectomy using the Falconer 'en bloc' technique'5 reported similar findings with regard to intellectual function. Changes in intelligence across the operation were small and did not reach statistical significance. Small pre-operative differences between left and rightsided lesions were enhanced by the operation, producing lower verbal than non-verbal IQ scores in the left lobectomy cases, and the converse for the right lobectomy cases, and deterioration in verbal skills tended to be associated with later age of onset of epilepsy. Postoperatively the left-sided cases also performed significantly worse than the right-sided cases on immediate verbal recall, but otherwise changes in memory across the operation did not reach statistical significance. However, the authors did not use the same index of delayed recalls as the earlier Milner study.
Further analysis of the lobectomy material has
shown that the size ofthe hippocampal resection can influence the type of deficit in some circumstances, depending upon the demands of the taskI6. There is also evidence from ischaemic lesions that damage to the posterior hippocampus can cause verbal memory deficits when it occurs in the dominant hemisphere17. This area is often spared in temporal lobe surgery for epilepsy. Spencer et aL'8 have described a more extensive hippocampal removal, with sparing of the posterior lateral cortex beyond 4.5 cm from the pole, and they claim that this produces much less memory impairment than the standard 6 cm lobectomy. Ojemann and Dodrill19 have used electrical stimulation of lateral temporal cortex in the dominant hemisphere under local anaesthesia at operation, to identify areas which, if spared in the subsequent resection, will lessen the verbal memory deficit normally associated with such resections. Wieser reported little or no disturbance of memory in a small group of patients subjected to unilateral selective amygdalo-hippocampectomy20.
One study reviewed the relation between the type of pathology and cognitive function in 40 patients after 'en bloc' temporal lobectomy21. No specific lesion was found in 15% of the sample, and the remainder were divided into two groups, those with some variant of hippocampal sclerosis (60%), and those with some other positive pathology (25%). When free recall of prose was examined, there were significant interactions both pre-and postoperatively with type of pathology, although there were no significant differences for non-verbal memory. The performance of patients with hippocampal sclerosis tended to be similar for both left and right-sided lesions, whereas for patients with other pathology, impaired verbal memory was associated with leftsided lesions, and good verbal memory with right-sided lesions. Patients with hippocampal sclerosis showed little change in verbal recall after surgery, whilst those with other pathology tended to show improvement. When memory function was examined in patients with and without lesions in the amygdala resulting from either sclerosis or tumours, they differed significantly with respect to change across the operation. Those with evidence of amygdaloid lesions showed improved recall ofboth verbal and nonverbal material, whilst those with an intact amygdala tended to show poorer postoperative recall.
The intracarotid sodium amytal (Wada) test, in which each hemisphere is anaesthetized separately through injection of the appropriate internal carotid artery, has been used to lateralize both language and memory function in presurgical epileptic patients223.
The classical form of this test presents certain theoretical difficulties, since the injection does not necessarily reach all the hippocampal structures, some ofwhich are supplied from the posterior cerebral circulation. Interference with gross hemispheric function also makes memory testing and its interpretation more difficult. Two variants of the test are currently described which attempt to anaesthetize the hippocampus only. These depend upon the fact that in general the anterior two-thirds of the hippocampus is supplied by the anterior choroidal artery, a branch of the internal carotid artery, whereas the posterior one third is supplied by branches of the posterior cerebral artery including the posterior choroidal artery. One method describes injection into the anterior choroidal artery, allowing eamination of the functions of the anterior hippocampus in isolation2O. The other variant makes an injection into the posterior choroidal artery, with similar benefits2. The ideal method, which is technically difficult, would be to inject both arteries simultaneously so as to anaesthetize the structure completely, especially as the contribution from each artery varies from one individual to another. All three methods are only valid if the vascular territory of the vessel injected is the part of the brain which subserves the memory function to be examined. This is a very difficult proposition to prove.
The results of the classical Wada test were studied in 27 patients being investigated for temporal lobectomy, 16 of whom subsequently underwent 'en bloc' resection25. The distribution of memory function in these patients showed some abnormalities. Whereas both hemispheres would be expected to subserve some memory function in a normal sample, this was true of only 11% of the above patient sample. In 44% of the sample, all memory appeared to be in the hemisphere contralateral to the lesion, and a further 7% showed only minimal memory capacity in the lesioned hemisphere. In 22% neither hemisphere alone appeared to be capable of sustaining memory function, suggesting possible bilateral dysfunction. In 15%, most of the memory function seemed to be in the lesioned hemisphere.
In evaluating the effects of longstanding lesions on cognitive function in epileptic patients, few studies have taken into account the physiological state ofthe brain. It is well established from both human and animal work that structural lesions can produce functional effects remote from the site of the lesion. In animal work this has led to a considerable literature on the pathogenesis and properties of secondary epileptogenesis, which is not relevant to this particular discussion. Analogous events have been reported in human epileptic subjects, but they are extremely rare26. Krynauw27 described such long-term changes in his account of the original operation ofhemispherectomy. He noted that patients with unilateral hemisphere disease gradually acquired an increasing electrical abnormality in the undamaged hemisphere, and also became demented and aggressive. If hemispherectomy was successful in controlling the seizures, then these changes could be reversed. Beardsworth and Adams'3 described patients who showed substantial improvements in intellectual functioning after hemispherectomy. This may be partially attributable to the disappearance of the abnormal electrical activity from the remaining cortex.
A number of studies have attempted to distinguish the functional impairment produced by epileptic discharges from the longstanding effects of any structural lesion. It has been known for some time that the occurrence of interictal discharges in epileptics -correlates with intellectual function28. Recent evidence suggests that epileptiform discharges will interfere with verbal and spatial short-term retention tasks, and that the side of the discharge interacts with the type of task, left-sided discharges tending to produce greater impairment on the verbal task relative to the spatial task, and the converse for right-sided discharges29.
Wieser and Landis3O described a patient with unilateral limbic status epilepticus, as seen on stereo-EEG recordings. Functioning on a verbal task was found to be superior when initial presentation was to the right rather than the left hemisphere, contrary to expectation. This contrast was enhanced during the most active epileptic discharges. They suggested that in this patient there was an inhibitory effect which protected the opposite hemisphere from the effects of the electrical discharge. After left amygdalo-hippocampectomy, the pati-ent's seizures ceased and her neuropsychological profile returned to normal.
It is clearly necessary to take into account both the effects of cerebral insults and the functional impairments associated with epileptic discharges in evaluating cognitive function in epileptic subjects. The areas ablated by resective temporal lobe surgery are both unilateral and relatively small in relation to those involved in animal experiments or seen after ischaemic or encephalitic lesions in man. The changes resulting from such surgery may be subtle, requiring sophisticated tests to detect them. The advent of techniques such as CT and MRI imaging now presents opportunities to correlate the extent and locus of a resection with cognitive changes. This may enable surgeons to minimize cognitive deficits in the future by tailoring resections appropriately.
